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ABSTRACT

Development of Late-Heading Orchardgrass Germplasm
by
Megan Getz, Doctor of Philosophy
Utah State University, 2022

Major Professor: Dr. Joseph Earl Creech
Department: Plant, Soils, and Climate
Dactylis glomerata L., orchardgrass, is frequently planted as a companion crop or
overseeded to thicken stands in perennial forages such as alfalfa (Medicago sativa L.).
However, commercial orchardgrass cultivars currently grown in the Intermountain West
generally flower earlier than alfalfa, resulting in a reduction in grass nutritional value if
harvested to maximize the alfalfa. Thus, there is a need to better understand the
genetic basis of flowering time in orchardgrass to optimize late-flowering populations
with increased forage yield to better complement alfalfa. The objectives of this
research include 1. assess the ability of flowering time molecular markers to identify
late-flowering genotypes; and 2. create half-sib families from promising late-flowering
germplasm sources for recurrent selection and development of late-flowering
orchardgrass populations. To better understand late-flowering in orchardgrass, we
conducted a genetic association study using heading date from 108 parental plants,
originating from 2-cycles of random-mating within the population (OP2). The OP2
population resulted from the intercrossing three genetically diverse late-heading forage
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orchardgrass germplasm sources; 1) UT-101, 2) cv. ‘Toyomidori’, and 3) PI538922. Four
candidate genes associated with late heading were identified previously and targeted
for genotyping in OP2: CONSTANS (CO1), FLOWERING TIME (FT1), VERNALIZATION 1
(VRN1), and VERNALIZATION 2 (VRN2). Modeling autotetraploid allele dosages, three
significant markers from two candidate genes were identified. From the half-sib families
evaluated at two locations and over two years, h2 = 0.91, SE = 0.068 for heading date
and h2 = 0.50, SE = 0.085 for dry matter yield. The population varied significantly for
both traits, but also was characterized by significant variation across years and
locations. Nevertheless, late heading and high forage yielding families were identified
through a selection index. Finally, regression of progeny trait means onto OP2
population genotypes supported the significant markers found when measuring the OP2
traits and further reduced the number of OP2 plants selected for further breeding.
106 pages
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PUBLIC ABSTRACT

Development of Late-Heading Orchardgrass Germplasm
Megan Getz

Dactylis glomerata L., orchardgrass, is commonly grown with perennial forages
such as alfalfa (Medicago sativa L.). However, commercial orchardgrass cultivars
currently grown in the Intermountain West generally flower earlier than alfalfa. This
results in a reduction in grass nutritional value if harvested to maximize the alfalfa yield,
because the two species mature at different rates. Thus, there is a need to better
understand the genetic basis of flowering time in orchardgrass and develop lateflowering populations. The objectives of this research were to evaluate the ability to
identify and use molecular markers to identify and select late-heading orchardgrass; and
to select superior orchardgrass plants from a promising late-heading orchardgrass
breeding population to for further cultivar development. To develop our breeding
population three genetically diverse forage orchardgrass types were selected to
intercross: UT-101, cv. ‘Toyomidori’, and PI538922. Each of those parents exhibited lateflowering and other desirable characteristics such as high forage yield or drought
tolerance. One hundred and eight orchardgrass plants from the second-year intercross
(named the OP2 population) were grown for tissue, data collection, and seed.
Additionally, four candidate genes associated with late heading were identified
previously and targeted for genotyping in the OP2 population: CONSTANS (CO1),
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FLOWERING TIME (FT1), VERNALIZATION 1 (VRN1), and VERNALIZATION 2 (VRN2). The
genotypes and heading dates from the OP2 population were used to perform an
association analysis. Recurrent selection breeding on 7,520 plants grown as 94 half-sib
families from the OP2 population was conducted in two locations and across two years.
Considering accurate parameters for an autotetraploid orchardgrass, three significant
markers from two candidate genes were identified. From the half-sib family evaluation,
heading date was more heritable than yield. The half-sib family population varied
significantly for both traits, but also was characterized by significant variation across
years and locations. Nevertheless, late heading and high forage yielding families were
identified through a selection index. Finally, association analysis of OP2 heading dates
and the half-sib progeny trait means onto OP2 population genotypes supported the
significant markers found when measuring the OP2 traits and further selected ideal
plants of the OP2 population to continue for further breeding.
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INTRODUCTION

Dactylis glomerata L., orchardgrass, is considered one of the top four perennial
cool-season forage grasses in the world (Stewart & Ellison, 2014). While it can be grown
as a monoculture for hay or pasture, it is often paired with alfalfa (Medicago sativa L.).
They have similar bimodal growth patterns, with the highest biomass production in the
spring (Mitchell, 1967; Quinby et al., 2021; Stout & Jung, 1992). In northern Utah,
commercially available orchardgrass cultivars flower earlier in relation to regionally
grown alfalfa, forcing the growers to choose between maximizing the grass nutritional
quality or that of the alfalfa at harvest time. They can either harvest just prior to the
orchardgrass flowering and optimize the quality and quantity of the orchardgrass but
miss out on additional biomass from the alfalfa, or they can wait to collect that biomass
and harvest just prior to alfalfa flowering which results in a major loss of orchardgrass
forage quality (Balde et al., 1993).
The heading time of a plant is considered highly heritable, meaning the genetic
mechanisms controlling heading date is passed down from generation to generation
with highly heritable additive gene action (Barre et al., 2022; Van Santen & Sleper,
1996). If selection for specific ‘late-heading alleles’ can be made, it should be possible to
shift and homogenize the flower time of orchardgrass to align with alfalfa, thus,
optimizing both forage quality and yield for both species (Figure 1).
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Figure 1
Illustration of the Bimodal Growth Patterns of Orchardgrass and Alfalfa

Note. Heading date is indicated by the black dotted lines. The left line represents
current regional heading date of orchardgrass. It is earlier than regionally grown alfalfa,
causing growers to not maximize both crops, however if heading date of orchardgrass
can shift to align with that of locally grown alfalfa cultivars, the right dotted line, both
species would be maximized in their quality and yield.

Objectives and Limitations
The primary objectives of this study were two-fold:
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1st- to assess the association of flowering time molecular markers with
late heading in a parent population, and better understand how selected
materials express the candidate genes.
2nd- to create and select half-sib families for preparation to late-heading
orchardgrass population development.
Successfully addressing objectives is challenged by gene families and their partial
redundancy, the amount of heterozygosity in orchardgrass breeding populations, and
population structure. If sufficient genetic variation for heading date is present, selection
is one way to change allelic frequencies (Bernardo, 2014; Van Santen & Sleper, 1996). By
considering population structures and collecting yield data to help guide selection, even
though late heading date is our primary breeding target, we can help maintain the
genetic variation needed in the population to maintain an adequate forage yield.
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LITERATURE REVIEW

Orchardgrass
Dactylis glomerata is a cool-season grass is easily distinguishable by its
unique spikelet's arrangement on a compact panicle; it resembles the basic shape of a
fowl's foot. Throughout the world, its common name reflects the foot like panicle. In
Great Britain, it is known as "cocksfoot," and in France, "dactyle"; in German, it is called
"Knaulgras." All tie back to the Greek base of dactylos, meaning finger, or digit, again
describing the cluster of spikelet’s along the rachis. However, in the U.S., it is more
commonly known as orchardgrass because it was first identified growing under trees in
orchards in Virginia. More identifying characteristics of the species include the flattened
tillers and the large membranous ligules, and a lack of auricles at the base of leaves.
Each spikelet contains three to five fertile florets and appears semi-hairy. Orchardgrass
is nitrogen (N) loving and has a blueish-green healthy tissue color, unlike many other
cool-season grass species. Orchardgrass grows in pastures, meadows, fence rows,
roadside, and similar habitats throughout North America. Native to Eurasia and Africa, it
has been introduced throughout most of the cool-temperate regions of the world as a
forage grass (Allred, 2007).

Taxonomic History and Cytogenetics
Since Domin’s monograph in (1943), the genus Dactylis is generally recognized as
a monospecific genus comprised of D. glomerata with subspecies changing depending
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on the geographical region and taxonomic treatment. For example, (Tzvelev, 1976)
treated Dactylis as a monospecific genus but recognized five subspecies of D.
glomerata (subsp. lobata (Drej.) Lindb.; subsp. alaica (Bess.) Domin.; subsp. slovenica
(Domin) Domin; subsp. hyrcana Tzvelev; subsp. himalayensis Domin; subsp. hispanica
(Roth) Nym; subsp. woronowii (Ovcz.) Stebb.). Based on lemma morphology, Nevski
(1934) recognized two species in the genus Dactylis (spp. woronowii Ovcz. and spp.
glomerata) with D. woronowii having stiffer, narrower, often folded leaves, a more
compact growth habit, with shorter culms, and a shorter compact panicle (Nevski,
1934). The Flora North America (Barkworth et al., 2007) treated Dactylis as
monospecific, but adjusted the subspecies: glomerata, lobata, himalayensis,
aschersoniana; (Drejer) H. Lindb., woronowii, parthiana, hispanica; (Roth) Nym.,
juncinella; (Bory) Boiss., lusitanica; Stebbins & Zohary, santai; Stebbins & Zohary, and
ibizensis; (Gand.) Stebbins & Zohary. For the purposes of this manuscript, we will
follow the taxonomic treatment of Flora North America.
Prior to the Flora of North America, (Borrill, 1962), (Lumaret & Borrill, 1988),
and (Stebbins & Zohary, 1959) utilized cytogenetic morphology and geography to help
distinguish the subspecies in their taxonomic treatments. All three reviews agreed that
orchardgrass is a monospecific genus with many subspecies comprised of 2x, 4x, and
rare 6x members (Jones et al., 1961). Many of the subspecies originally thought to be
exclusively diploid (2x) were found to have autotetraploid (4x) counterparts resulting
from chromosome doubling of the diploid progenitor (Lumaret & Borrill, 1988). As a
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result, gene flow can occur between subspecies from 2x-to-4x and 4x-to-4x
populations.
Based on cytogenetic studies by McCollum (1957), Jones and Borrill (1962), and
Hu and Timothy (1971) supported Dactylis is monospecific with multiple subspecies.
Subspecies glomerata is 2n=4x=28; however, Myers (1940) reported that the subspecies
glomerata behaved cytologically more like a tetratomic polyploid with a 2N+2 diploid.
Contained within this autotetraploid glomerata subspecies are the majority of the
cultivated orchardgrass varieties (Bushman et al., 2011; Müntzing, 1937; Van Santen &
Sleper, 1996). The autoploid nature of orchardgrass has allowed for adaptation to
multiple environments due to the buffering effect of multiple alleles at a given locus.
Knight (1973) suggested an inverse relationship between summer growth and
the ability to survive summer drought conditions in an orchardgrass population tested in
southern France and southern Australia. This and other research (Borrill, 1991; Cooper,
1963) led to the separation of Mediterranean and Eurasian/Continental subspecies of
orchardgrass. The Mediterranean subspecies are winter-active and summer-dormant,
while the Eurasian subspecies are summer-active and winter-dormant. Orchardgrass,
while widely adaptive, can also be very regionally specialized; populations from
northern Italy have lower amounts of summer growth when compared to southern Italy
populations (Lorenzetti et al., 1983).
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Dispersion and Uses
Presently, orchardgrass is grown on every continent in the world for hay and
pasture production. It is considered one of the top four perennial forage genera grown
throughout the world. In New Zealand, the United States, and regions of Russia, it is
commonly used as part of a mixture with timothy (Phleum pratense L.) perennial
ryegrass (Lolium perenne L.), and white clover (Trifolium repens L.). Additionally, due to
ease of establishment, orchardgrass can also be found growing in pastures at a low
density where it has not been planted (Rumball, 1982a, 1982b). While some winterkill of
orchardgrass can occur, its production and palatability still make it a desirable species in
forage mixes in Eastern provinces of Canada (Papadopoulos et al., 1993). Approximately
100 years ago, orchardgrass was introduced to Japan from the United States, and now,
it is considered one of the most important forage grasses. It produces well throughout
the entire country including many of the southern islands, but excels on the northern
island of Hokkaido, providing much needed forage to the region (Fujimoto, 1993).
Throughout many parts of Europe orchardgrass is less common in pastures, but in the
mountains and grasslands of Southern France or Switzerland it dominates areas (Van
Santen & Sleper, 1996; Viviani Rossi et al., 1992).
Orchardgrass hay is extremely palatable to livestock and horses, and is one of
the higher protein grasses (pre-heading ~ 22% Crude protein (CP), post-heading 16% CP)
(Balde et al., 1993). Orchardgrass, grown as a monoculture, yields over 6,700 kg/ha an
acre for Dry Matter (DM) and is very responsive to N. Kunelius (1990) reported that the
average daily dry matter accumulation (ADMA) in orchardgrass was more uniform than
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any other cool-season species. While there is a niche market for orchardgrass hay,
generally equine feed, there is also a substantial amount grown in the United States for
seed production, which occurs in Oregon due to the favorable climate. Most
orchardgrass hay production is part of a legume/grass mixture such as with common
white clover (Trifolium repens L.), ladino clover (Trifolium repens L.), birdsfoot trefoil
(Lotus corniculatus L.), red clover (Trifolium pratense L.), and alfalfa (Hodgson et al.,
1977; Meister & Lehmann, 1985; Van Keuren & Matches, 1988), rather than pure
monoculture. In Japan, orchardgrass/white clover pastures resulted in greater cattle
gains than tall fescue (Festuca arundinacea; Schreb) (Okubo et al., 1989). In the
Northwest region of the United States, including Utah, it is commonly grown with
alfalfa.

Orchardgrass as a Forage
Orchardgrass, being a cool-season grass, is best adapted to humid, cool,
temperate regions where there is a marked cold season without growth, greater than
500 mm of annual precipitation with moderate- good soil (Hodgson et al., 1977). The
optimum growth temperatures range for orchardgrass is 18-25o C (Cooper & Taiton,
1968). Winter survival studies have concluded that orchardgrass is generally
intermediate in hardiness between tall fescue and perennial ryegrass, depending on
cutting management (Jung & Kocher, 1974). As a highly productive bunch type grass,
orchardgrass has excellent early spring growth, and if the climate is sufficiently cool and
wet, summer productivity is followed by an increased fall growth (Washko et al., 1967).
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It therefore exhibits a bimodal growth pattern over the growing season, with the largest
production in the spring.
As mentioned above, N application substantially increases orchardgrass yield.
Ramage et al. (1958) found a linear response of yield up to rates of 224 kg of N/ha. In
(1964), Mortensen et al. reported a linear response of yield up to rates of 560 kg N/ha.
Some studies suggest that orchardgrass' response to increased N rates is not realized
until after the first year of production, and can vary between cultivars (Schafer, 1981;
Theiss & Opitz von Boberfeld, 1992). Therefore, accurately monitoring forage N levels is
important as it could also lead to accumulation of nitrates resulting in animal toxicity
levels. Alongside the response to N, potassium (K) and phosphorous (P) are essential to
the growth response of orchardgrass (Griffith et al., 1964; Griffith & Teel, 1965; Wedin,
1974). In young orchardgrass stands, P was more crucial and limiting for leaf growth and
size and early shoot-to-root ratios than N (Templeton Jr et al., 1969). Additionally, if N or
K concentrations are reduced in plant tissue, the imbalance with magnesium (Mg) could
result in grass tetany in grazing animals (Sullivan, 1969).
Orchardgrass leaves have exhibited a maximum life span of 35 days, with a
dramatic decrease in photosynthesis after 21 days (Taylor et al., 1968; Treharne et al.,
1968). While orchardgrass can handle different management practices to maximize
forage yields, some management practices have been developed to increase longevity
of orchardgrass stands. Reports from Griffth and Teel (1965) and Mitchell (1967) suggest
that in addition to the high N applications, close-cutting and frequent irrigation
increased orchardgrass yield. However, Mitchell (1967) cautioned that increased
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frequency of defoliation and decreased stubble-height may reduce the longevity of
orchardgrass stands (Mitchell, 1967).

Forage Yield and Quality
Forage for animal consumption is an essential part of agriculture, whether as a
grazing pasture or cut and stored as hay. Harvest timing is important to the yield and
quality a grower will receive from their forage. Figure 2 illustrates a general trend in
plant development. As a plant moves from a vegetative to a reproductive stage, the
plant's overall biomass increases. However, lignin levels, which are indigestible to
animals, also increase while the overall protein levels decreases (Balde et al., 1993).
Therefore, to optimize both the forage quality and yield, growers should harvest just
prior to the plants flowering when the majority of the plant biomass is present, the
lignin levels are relatively low, and the protein levels are still adequate.
When growing a monoculture crop, harvest timing is easily decided. This
becomes more challenging when two or more species in a mixture are developing at
different rates. Balde et al. (1993) recorded that the Dry Matter Yield (DMY) in
orchardgrass was reduced by 30% between the early and full flower stages of maturity,
yet they did not observe changes in DMY between early bud and full bloom in alfalfa. In
that instance, selecting harvest time based on orchardgrass maturity would have
decreased the overall forage quality the least. Since regional (locally grown) alfalfa
grown in Northern Utah generally heads later than orchardgrass, growers who maximize
their grass quality loses alfalfa biomass. If the flowering time of orchardgrass could be
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Figure 2
Illustration of Plant Forage Quality and Yield Over Time

Note. As orchardgrass matures, yield increases (blue line), as does lignin (green line),
but protein, NFC, and overall digestibility decreases (tan line). Harvest, to optimize both
yield and forage quality, should occur between the dotted lines, just prior to flowering.

delayed so it aligns with regional alfalfa’s heading dates, growers could optimize both
crops’ quality and yield.
Alfalfa can have over 22% CP, be rich in many micronutrients, and yields, on
average, about 16,000 kg/ha a DM bases (Creech et al., 2015; Koenig et al., 1999). This
legume has the capability of fixing N due to nodules formed by its symbiotic relationship
with Rhizobium bacteria. After both orchardgrass and alfalfa are well established in a
field, generally from year three until the alfalfa stands start thinning of old age, there is
sufficient N in the system to support the orchardgrass and alfalfa without needing
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additional N applications. Additionally, since the fibrous root system of orchardgrass
pulls nutrients and water from the upper most soil horizon, the deep taproot of alfalfa
can reach nutrients and water in the lower horizons allowing them to both thrive
without adverse competition if adequate resources exist (Van Santen & Sleper, 1996).
While alfalfa has higher CP and yields, orchardgrass tends to be considerably
higher in neutral detergent fiber digestibility (NDF) and water-soluble carbohydrates
(WSC). Moreover, orchardgrass has relatively high CP for a grass and there have been
reports where orchardgrass measured overall higher forage quality than alfalfa (e.g.,
Solaiman et al., (1990)). In practice, 30-40% orchardgrass in an orchardgrass/alfalfa
stand results in a sustainable ratio where both species can coexist without choking out
the other (Undersander, 2012). The recommended seeding rate of orchardgrass with
alfalfa to achieve between 30 and 40% grass stand has been 4.4 kg of pure live seed
(PLS) per hectare of orchardgrass and 13.4 kg PLS per hectare of alfalfa (Henning &
Risner, 2019; Undersander, 2012; USDA-NRCS, 2012). As the plants establish, there
should be about 30-35 seedlings per square meter, and then the new stand thins to
what can be maintained by the soil and environment (Henning & Risner, 2019).
Blake et al. (1966) reported that under favorable climate conditions legumes can
increase orchardgrass persistence and vice-versa. Orchardgrass, like alfalfa, does not like
“wet feet,” meaning it best produces in well-drained soils; another reason to pair these
two species. Additionally, orchardgrass, being a bunchgrass, does not spread
vegetatively and is much less invasive than many other types of grass in a legume stand;
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therefore, the alfalfa stand will not be overwhelmed by orchardgrass over the years in a
mixed field.
Overall, varieties selection, management practices, and environmental
conditions each influence the productivity and persistence of mixed legume and
orchardgrass stands. Management practices such as fertilizer applications and
defoliation height and frequency, further impact the proportions of legume vs.
orchardgrass. From the traditional three-cut system to more frequent cuttings are
commonly utilized in orchardgrass/legume systems. However, when specifically paired
with alfalfa, producers lean towards the traditional three-cut system to optimize the
forage yield and persistence. More aggressive cutting schedules are often employed by
producers targeting higher quality forage desired by the dairy market.
Like alfalfa, and in contrast to many cool-season forage grasses, orchardgrass can
handle multiple cuttings, yet still produce forage with high nutritive value (Cox et al.,
2017; Van Santen & Sleper, 1996). Under proper management, orchardgrass/alfalfa
mixed stands commonly yield around 18,000 kg/ha of DM per year (Henning & Risner,
2019; Koenig et al., 1999). However as current regionally grown orchardgrass cultivars
generally flower earlier than alfalfa, neither species forage yield nor nutritive value is
maximized. New orchardgrass germplasm with late flowering and high biomass may
improve productivity of mixed orchardgrass-alfalfa stands.
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Flowering Time Within Orchardgrass
The flowering pathway has been studied in model plants such as Arabidopsis
thaliana, rice (Oryza sativa L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.)
and perennial ryegrass. The pathway is divided into vernalization and photoperiod
component genes, with both components showing a history of effects on flowering time
and forage quality (Donnison et al., 2007; Lorenzo et al., 2020; Surber et al., 2011). The
three main vernalization genes identified from wheat and barley were genotyped in this
project: Vernalization 1 (VRN1), Vernalization 2 (VRN2), and Flowering Time (FT or
VRN3). In addition, the photoperiod co-regulator Constans (CO1) was genotyped
(Distelfeld et al., 2009; Hill & Li, 2016; Zhao et al., 2016, 2017).
VRN1 is induced by low temperatures, and when exposed to sufficient periods of
low temperatures, expression of Vrn1 is increased enough to activate transcription of FT
as well as suppress transcription of Vrn2. Since Vrn2 is actively transcribed in the
vernalization pathway, it causes a repression of FT until vernalization requirements are
met and transcription VRN1 is induced. Once enough VRN1 gene product is
concentrated to repress transcription of VRN2, FT expression is induced, creating a FTVRN1 positive feedback loop. The FT gene product (florigen) is well known as the gene
responsible for integrating the vernalization and the photoperiod/ circadian clock
pathways. It travels from the leaves through the phloem to the shoot apical meristem to
signal floral transition genes. Considering the photoperiod/circadian clock pathway, an
increase in daylight length causes a gradual upregulation of Constans transcription,
which in turn causes a gradual accumulation of CO1 protein in leaves. The CO1 protein
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is degraded in the dark. Therefore, once days are long enough to accumulate enough CO
before dark, it also contributes to FT upregulation, and promotes flowering.
However, there are still gaps in the understanding of how these vernalization
genes are regulated and how their products interact, especially regarding Vrn2. Woods
et al., in (2016) reported that downregulation of Vrn2 by cold is exclusively found in
pooid (po-oid) grasses, including wheat and barley; but, by contrast, Dubcovsky et al. in
(2006) showed that in Triticeae some spring barley cultivars are characterized by
deletions of VRN- H2 locus, and thus do not require vernalization. Recently, Herridge et
al. (2021) found Vrn2 in Lolium perenne to be part of a three-gene family, with the CO9like gene family member acting as the primary floral repressor that was most similar to
the Triticeae Vrn2 gene action.
While environmental cues increase and decrease expression of genes in the
flowering pathway in orchardgrass, flowering time is still a rather highly heritable trait in
cool-season forage grasses. In orchardgrass, a recent report found the narrow-sense
heritability (h2) for flowering time as h2= 0 .75 in a diverse germplasm population (Majidi
et al., 2015). The high heritability indicates that molecular markers can be associated
with flowering time with greater confidence, and selection can quickly improve the trait,
in orchardgrass. Flowering time can be ambiguous in its definition and is therefore
difficult to pinpoint visually under field conditions. Recording the plant’s heading date
serves as a proxy for flowering time.
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The role of the four candidate genes in orchardgrass heading date was suggested
by previous genetic mapping studies in orchardgrass (Xie et al., 2012; Zhao et al., 2016)
and a candidate gene association study Zhao et al. (2017). In these studies, the same
four genes were measured in a diverse set of orchardgrass cultivars and subspecies, and
they found that DgCO1 had the greatest number of significant polymorphisms and the
highest magnitudes of effects on orchardgrass heading date in both the equal-dose and
tetraploid models. A gene they referred to as DgMADS also showed several significant
SNPs and Indels for heading date, but the gene was poorly mapped, and the SNPs
exhibited had smaller effects. Also in that study, the Vrn2 gene was poorly understood,
and a pseudo-response regulator was tested instead of true Vrn2 homologs (Zhao et al.,
2017). Because promising associations were detected, yet gene identification and
mapping were not possible because no reference genome existed, a further
confirmation and characterization of the effects of these genes on heading date is
needed.

Breeding Tools
Most orchardgrass breeding has focused on agronomic traits like DM, yield,
digestibility, persistency, and seed production. Ultimately, the success of breeding relies
on how heritable a trait is and the genetic variation controlling the trait in the
population when it is under selection. Narrow-sense heritability (h2) for flowering time
was reported as h2= 0 .75 in a diverse germplasm population, and ranged from h2= 0 .51
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to h2= 0.89 in 25 half-sib families (Jafari & Naseri, 2007; Majidi et al., 2015). Forage yield
is much more quantitative, and therefore has generally lower narrow sense heritability
estimate. In the same study, the narrow sense heritability for forage yield was
previously reported to range from h2= 0 .13 to h2= 0 .52 (Jafari & Naseri, 2007).
Therefore, recurrent selection would improve flowering time much more readily than
forage yield.
There are many selection tools available to breeders; some focus solely on
phenotypic selection while others focus solely on genetic selection. More favorably are
the tools that can utilize both phenotypic and genetic characters, as research has shown
a greater response in fewer cycles of selection (Arojju et al., 2016; Arús & MorenoGonzález, 1993; Barrett et al., 2001; Hayward et al., 1994). This study will utilize
recurrent selection and an association analysis in hopes of selection and
homogenization of later heading orchardgrass germplasm.

Recurrent Selection
One of the greatest challenges of plant breeding is determining what breeding
scheme to utilize. Species, breeding goals, and resources impact the decision.
Orchardgrass is an open pollinating species with autopolyploidy and inbreeding
depression. Unlike inbred line development, orchardgrass breeding must focus on
increasing the frequency of desired alleles within a population while maintaining
enough genetic variance that inbreeding depression does not impact the population.
Recurrent selection can help accomplish this, and was first utilized in maize breeding by
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Jenkins (1940). It is a cyclic improvement of a population where the best individuals are
selected and intermated, creating the next year's generation, which is then repeated.
The goal is to increase the population mean for the trait of interest by selecting the
best-performing individuals for the desired trait (Hull, 1945; Jenkins, 1940). Generally,
recurrent selection utilizes a closed population structure, meaning alleles present in the
later cycles were all present in the original population, with the exception of mutations.
The motto of simple recurrent selection (SRS) is "select, recombine, repeat" to
obtain genetic gain within a single breeding population or a cross between populations.
Simple recurrent selection uses a closed breeding system in an attempt to contain
crosses within the population(s) (Bernardo, 2010). Figure 3 illustrates the cyclic flow.
The first step is to select superior parents, which are then intermated. The progeny
seeds are collected and grown for phenotyping purposes. This step can take a few years
to accomplish depending on the crop and what phenotypic data is collected. After all
progeny phenotyping is completed, progeny evaluation is performed. In this study,
weighted selection indices were utilized for progeny evaluation following the procedure
reported in Bernado (2014). Lastly, the results from the progeny evaluation leads to
selection of the next cycle’s superior parents. Traditionally this last cycle is done by
selecting a subset of the previous cycle’s parents (Cress, 1966). However, in many more
commercial settings, it is becoming more commonly accepted to move the superior
progeny forward to serve as parents for the next cycle (Bernardo, 2010); generally, is
due to limited resources such as land and labor required to upkeep the parent
population. Both the traditional parent selection and the commercially utilized progeny
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Figure 3
Illustration of the Cyclic Flow of Recurrent Selection

1) Selection of
Superior Parents

4) Progeny
Evaluation

2) Intermating

3) Progeny
Phenotyping

Note. Each cycle, the goal is to select superior genotypes, recombine/shuffle the
genetics in the population by intermating, test and evaluate the progeny, then repeat
by selecting superior parents for the next cycle.

selection methods will be investigated for this study’s orchardgrass breeding
population. Simple recurrent selection is the most commonly used recurrent selection
scheme for forage grasses. The literature is saturated with the success of SRS in forage
grasses, either as insight into the genetics of these grasses or the formation and
identification of new cultivars. In a grazing tolerance selection program of Phalaris
(Phalaris aquatica L.), families of better persistence were identified and used as parents
to create a new cultivar (Culvenor et al., 2006). In Smooth Bromegrass (Bromus inermis
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Leyss.), SRS helped increase seed weight significantly and reduced fiber concentration
(Casler, 1999; Trupp & Carlson, 1971). Additionally, the crested wheatgrass (Agropyron
cristatum L.) cultivar ‘USDA-Rangecrest’ was formed after a backcross between a
cultivar and a germplasm introduction, followed by five cycles of SRS (Jensen et al.,
2017).

Association Studies
Association mapping also referred to as linkage disequilibrium mapping, uses a
diverse population comprised of plants from multiple parents. Compared to QTL
populations that are derived from a paired-cross, association populations often have
very little linkage disequilibrium, little if any population structure, and sample many
more allelic combinations (Flint-Garcia et al., 2005). This powerful tool was initially
developed in human and animal genetics for which linkage mapping populations were
not possible, and therefore is an excellent fit for self-incompatible forage grasses like
orchardgrass. Association mapping takes advantage of ancestral recombination events.
A very high marker coverage is needed because of the low linkage disequilibrium; but
coupled with a large, diverse population, association mapping offers high resolution
(Rafalski, 2002; Zhu et al., 2008).
Association mapping in plants has gained popularity for several additional
reasons. First, time, resources, and labor are not spent developing a structured
population. Secondly, larger association populations can be grown as prices for highdensity genotyping, even full genome scans, decrease. Thirdly, as high throughput
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phenotyping practices are developed, the ability to collect data accurately and quickly
from larger association mapping populations increases (Zhu et al., 2008).
There are two main methods of performing genotype/phenotype associations:
Genome-Wide Association Studies (GWAS) and amplicon sequencing (AmpSeq). A GWAS
takes advantage of high-throughput genotyping-by-sequencing or SNP genotyping
panels, has random marker coverage across the genome, and allows a survey of the
whole genome to be assessed. Therefore, a GWAS is designed to find unknown
associated markers in a diverse population with multiple allelic combinations. From the
investigation into agriculturally important traits in numerous crops and new germplasm
pools, identification of genomic regions associated with a particular trait, and screening
to improve breeding efficiency, associated SNPs have aided breeders (Tibbs Cortes et al.,
2021).
On the other hand, amplicon sequencing is a targeted sequencing approach, in
that only sequences of the amplified sections of the genome are tested rather than the
whole genome. Because amplicon sequencing is targeted and hypothesis driven, the
technology and the pipelines used to sequence and analyze the data vary from GWAS
products. Amplicon sequencing has aided in identifying low phytic acid mutants in
oilseed rape (Brassica napus; L. ) (Sashidhar et al., 2020) and in identifying induced
mutations in double mutagenized tomato (Solanum lycopersicum; L.) (Gupta et al.,
2017). Drought and heat stress transcriptome analysis in pearl millet has led to a new
understanding of the pathways (Sun et al., 2020). In a diverse orchardgrass population
an association of candidate genes, (DgCO1, DgFT1, a DgMADS, and DgPPD1-like) with
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heading date led to identification of significant polymorphisms with large effects
detected in equal-dose and tetraploid dose models (Zhao et al., 2017).
Since the majority of orchardgrass breeding populations are autotetraploid, after
sequencing but before an association can occur, the allelic dosage must be considered.
This emphasis on dosage estimation is especially crucial when considering traits where
additive allelic effects could be noted in quantitative traits like heading date. Identifying
any variants and considering digenic (interaction effect between a pair of alleles),
trigenic (interaction effect between three alleles), and quadrigenic (interaction effect
between four alleles) effects is important. If dosage is not considered, a loss of the
association analysis' resolution will occur that could obfuscate important additive effect
loci. This study will utilize Pacbio sequencing (https://www.pacb.com/smrtscience/smrt-sequencing/) in order to accurately sequence and quantify dosage of the
orchardgrass amplicons of interest. Pacbio sequencing has successfully been utilized for
dissecting gene structural variations in upland cotton and tropical maize cultivars (N.
Yang et al., 2019; Z. Yang et al., 2019), given genome insight into polyploidy history of
cultivated peanut (Zhuang et al., 2019), and aided in researching into potato virus Y
resistance in autotetraploid potato (Grech‐Baran et al., 2020). Rhoads & Au (2015)
provided a review using PacBio sequencing for amplicon sequencing.
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Parent Germplasm Sources
Three parent cultivars and breeding lines were selected for this project due to
their late heading dates, forage yield potential, and abiotic stress tolerances: Toyomidori
(Nakayama et al., 2002), UT-101 (Jensen et al., 2014), and PI538922 (Bushman et al.,
2012). The Hokkaido National Agricultural Research Center developed the Toyomidori
cultivar for the Hokkaido Region, Japan in 1994. Toyomidori's selection emphasis was on
late-maturing, improved winter hardiness, cold tolerance, snow endurance, and cold
recovery than other Japanese cultivars, with the intent for production in the Hokkaido
Prefecture. It has a higher DM yield and greater grazing persistence than other local
cultivars. Toyomidori, as released, is an erect type, taller, with increased panicle length,
and leaf width than the common Japanese cultivar Hyking II (Nakayama et al., 2002).
Notably, it also yielded 123% more seed than Hyking II. Nakayama et al. (2002) outlined
the breeding of Toyomidori and its characteristics in-depth.
UT-101 is a germplasm line released by the United States Department of
Agriculture, Agricultural Research Services (USDA-ARS) in 2013. UT-101 originated from
crosses among four orchardgrass collections made within 100 km of Zhaosu County,
Xinjiang Uyghur Autonomous Region, China. Like Toyomidori, UT-101 was characterized
as being late maturing, winter hardy, and having a high forage yield potential. However,
UT-101 exhibited some seed dormancy with germination periods of up to three weeks.
UT-101 had wide leaves and long spikelets with a more procumbent growth habit before
flowering. For more details about UT-101, see Jensen et al. (2014) and Robins et al.
(2012, 2015).
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PI538922 is an accession from the National Plant Germplasm System, originally
collected in Azerbaijan in 1986. It was reported as a D. glomerata subsp. woronowii in a
previous yield-under-stress study in Utah (Bushman et al., 2012). With a very late
heading date, homogeneous plant height and yield, and persistence under drought
conditions, this accession was included as a persistent parent in this germplasm
development effort.
Progeny from these founder parents will serve as parents for a breeding
population. Although all are late heading, their progeny segregation is hypothesized to
produce a significant variation for heading date. An association analysis using targeted
amplicon sequencing, and new and developing tools to better assess correct dosage and
structure, will validate previously identified significant loci that affect orchardgrass
heading date. The markers will aid in selection to focus on forage yield while attempting
to homogenize late heading date in new recurrent selection cycles until breeder seed is
developed. The selection emphasis on late heading and forage yield is designed to
develop late heading, high yielding orchardgrass cultivars that will pair with alfalfa for
optimized forage yields and quality.
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MATERIALS AND METHODS

OP2 Parent Population
Population Development and Field Design
Thirty-three plants of each of Toyomidori, UT-101, and PI538922 were planted in
a diagonal design at the Utah State University Evans Farm, Millville, UT (41°41′52″ N,
111°49′53″W; 1378 m above sea level; 432 mm annual precipitation; Nibley silty clay
loam soil [fi, ne, mixed, mesic, Aquic Argiustolls]) in 2015, such that immediate
neighbors of each plant were those of the other two sources. In the diagonal crossing
block, 10 x 10 design with one gap at the end, the plants were planted on a meter within
a row and between row spacing, with the diagonal plants the same maternal types to
ensure each plant could have equal access to pollen from each of the three types. Seeds
of the first open pollination (OP1) were harvested by maternal source into three bulks,
and the bulks were re-planted by maternal type in a 9 x 12 design in 2017 (Figure 4).
This second generation of open pollination (OP2) was designated as the parent
population for this project.

Parental Phenotypic Data Collection
Since all three parental lines were categorized as ‘very late’ heading sources,
nominal variation for heading date was proposed due to segregation of progeny.
Heading dates were measured to assess segregation and associate effects with
flowering time genes. Heading dates (Julian days, where day 1 = January 1st) were
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Figure 4
Display of the Field Design for the OP2 Population Planted at the Evans Farm in 2018
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Note. Same maternal types were planted on the diagonal to ensure immediate
neighbors of each plant were those of the other two sources. UT101 is a late heading
breeding line sourced from Xinjiang province in PR China, 922 is PI538922 from
Azerbaijan, and TOYO is the Japanese heirloom cultivar Toyomidori. * Indicates row
number and ** indicted column number.

recorded for the 2018 and 2019 field seasons on the OP2 parent population. For
consistency and repeatability, heading dates were based on a visual of the first glume
exposed from boot. This stage is equivalent of the Z50 phase of a plant using the
Zadocks decimal code for the growth stages of cereals grasses (Zadoks et al., 1974).
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In addition, the amplicon sequence (AmpSeq) OP2 parent population genotype
data was used for another association. Instead of the OP2 heading dates per se as
phenotypes, the AmpSeq was also applied to half-sibling progeny plot means (explained
below) as phenotypic data. Each of the four environments (two years, two locations)
was considered its own phenotypic trait. All parameters were the same as the OP2
parent population association. As a second generation of segregation occurs in the
progeny, wider heading-date phenotypes were hypothesized.

Genotypic Data Collection
In the spring of 2019, tissue from each of the 108 OP2 plants was collected.
These samples were immediately frozen and then lyophilized to preserve quality. The
tissue was used to extract DNA using the ZYMO research extraction kit
(https://www.zymoresearch.com/collections/quick-dna-fungal-bacterial-kits).
Concentration and quality were assessed on a 1.5% electrophoresis gel and with a
Nanodrop spectrophotometer (Waltham, Massachusetts). All DNA samples were
concentrated to 20 µg/ml in preparation for sequencing.
Genotyping-by-sequencing was a robust and price-effective sequencing method
to assess genetic structure in our parent population. The complexity of the genome was
first reduced by a restriction enzyme (RE) cutting each plant DNA sample into pieces at
specific DNA sequence patterns. After restriction cutting, specific sequence adaptors for
sequencing were ligated onto the cut pieces, each individual sample was pooled into
one tube, and a final DNA cleaning process was applied using AMPure beads
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(https://www.beckman.com/reagents/genomic/cleanup-and-size-selection/pcr). This
process created a GBS ‘library.’ An Illumina® Nextseq 500 flowcell© (NextSeqTM 550
Sequencing System, 2019) is a plate with microscopic channels that run from one end to
the other and lined with complementary sequences to the adaptors that were ligated to
the DNA samples. Once the DNA library was added to the flowcell they bound and
underwent amplification. As they amplified and each nucleotide was added, the bases
were identified and recorded - because each of the four bases exhibited a unique
fluorescent dye attached to it. In our study, the library was created for each of the 108
OP2 plant’s DNA.
PacBio amplicon sequencing required prior sequence knowledge of the flowering
genes in orchardgrass. To accomplish this, blastn (Sayers et al., 2022) was implemented
with known Lolium perenne sequences as queries and the diploid orchardgrass
reference (Huang et al., 2019) as the subject. We identified a single gene region
(specific DNA segments) for each gene of interest for amplification, for Flowering Time
(FT1, approx. 1,300 bp), Constans (CO1, approx. 2,500 bp), and Vernalization-2 (VRN2,
approx. 2,000 bp). The primer set with best amplification results was selected for
sequencing for each gene. However, for Vernalization-1 (VRN1, approx. 10.7 kbp + 31
kbp inton1), a member of the MADS-box gene family, two related genes carried the
potential exon structure to function as a vernalization cue. Thus, for VRN1, we created
primers for two homologous sequences, ‘DgVrn1a’ and ‘DgVrn1b.’ Initially, we created
two primer sets for the identified sequences for each gene, each amplifying the fulllength coding sequence and small portions of untranslated regions. For DgVrn1a, we
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found that the full-length gene was over 40 kbp in length due primarily to an extremely
long 31 kbp intron-1. This gene was much too long to amplify with PCR, so it was
separated into two partial gene pieces: exon1 and part of intron1 (~ 2,000 bp), and
exon2-exon7 (~4,600 bp). The bulk of intron1 was therefore not amplified or tested.
DgVrn1b had a shorter intron 1 as well as a copy of exon2 instead of exon8 as the last
exon. This general approach of two primers allowed us to perform a specific, highly
accurate sequencing of gene areas of interest using Pacbio sequencing. Figure 5 depicts
the general gene structure, exons, introns and primer locations. The forward and
reverse primers were placed in what seemed to be highly conserved regions just outside
of the reading frame in hopes of amplifying the entire gene.
Pacbio sequencing used Single-Molecule, Real-Time (SMRT) technology to
produce highly accurate long reads. Each selected plant was amplified using the
specifically designed primer sets (Table 1) for the genes of interest. Specific Pacbio
adaptors were ligated (attached) onto the amplicons (amplified specific DNA segments),
creating a circular "SMRTbell" template. Primer and polymerase were added to the
instrument used for sequencing, which contained a small chip containing millions of tiny
wells called zero-mode waveguides (ZMWs). A single molecule of our sample was
immobilized in each ZMW in preparation for synthesis. As the polymerase added
labeled nucleotides, light was emitted, allowing real-time sequencing. One sequencing
session generally sequenced about 30 kbp per ZMW. Since our average amplicon length
was estimated to be ~5 kbp, in one session, our SMRTbell template was sequenced
approximately six times. Since in each pass there was a 1/100 base random mutation
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likelihood, after six passes those random mutations were canceled out. This Hifi
method allowed us to generate a very accurate consensus read from the passes.

Figure 5
Depiction of the Genes of Interest Structure and Primer Placement
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Note. *For sketch purposes the 31 kb intron of DgVRN1a was mostly removed, and not drawn to scale.
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Additionally, there were multiple ZMWs housing the same candidate gene for
the same plant, so if we had 100 ZMWs for a specific sample (i.e., plant 201 and gene
FT), and each ZMW resulted in the six passes, we would have 6*100, or 600 reads of
that segment of DNA allowing high accuracy and the ability to model dosage (accounting
for homeologs of our autotetraploid species).
For our PacBio AmpSeq library preparation, the individual amplicons from each
of the 108 parent samples were cleaned using AMPure beads. The original primers used
to amplify these genes were modified to include complementary sequences to the
PacBio sequencing adaptor. Thus, no ligation was necessary; rather, a second round of
PCR to amplify the barcodes onto the adaptor-PCR fragment. Then, after the aboveTable 1
List of Primers Identified and Used for Amplification of Regions of Interest
Primer Name

Forward Primer

Reverse Primer

Size*
(bp)

DgFT1

CTGCTCCAGAACAAAATACGC

GTGAATGGGTCGTCGATCTT

1,131

DgCO1

GTGGTCTGTGTGGTGCAAAC

CTGCTTGCACTGGACCTT

2,278

DgVrn1a
exon1/intron1 GTGACAGAGGGGACGAGATG TTTTGTCCAGTGATGCGTTC

1,911

DgVrn1a
exon2-exon8

CCATTGACCCGACATTTCTT

AGCATTTCACTCACGCAGGT

4,646

DgVrn1b

GAACGTTACGAACGCTACTCC

CCAGATGTTTTGTTGAGCATGT

7,764

DgVrn2

CGCCCAAGAAAGAAATCCAT

TGGAACCATCCGAGTCCTAA

2,069

*All of these amplicons have insertions/deletions across orchardgrass populations, so
this is the approximate final aligned size.
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mentioned AMPure bead purification, samples were pooled and submitted for PacBio
sequencing. The specific PCR parameters and liquid handling are listed in the PacBio
PBAA library preparation protocol (https://www.pacb.com/support/documentation/)
(Pacific Biosciences- Template Preparation and Sequencing Guide, 2022). When
sequencing amplicons, PacBio Sequel-II instruments ran for either 15 or 24-hour
‘movies,’ based on the anticipated length of the amplicons. For our amplicons shorter
than 4 kbp, a 15-hour movie time was used, while a 24-hour movie time was used for
the longer amplicons.

Dosage, Variant Detection, and Association Analysis
The steps for resolving the GBS and AmpSeq sequencing data for analysis were
similar, as both included the following general pipeline: (1) demultiplexing, (2) variant
calling, (3) genotype calling including dosage analysis, and (4) association analysis. The
demultiplexing, variant calling, and genotyping were accomplished using different tools
for GBS compared to amplicon sequencing due to the nature of different sequencing
methods. The final association analysis of the AmpSeq data, including the structure
estimation from GBS, used GWASpoly (Endelman & Rosyara, 2022).
Demultiplexing was the process of using the sample identification barcodes and
primer sequences to identify and partition individual samples in a pooled genotyping
library. Tassel 3.2 (Bradbury et al., 2007) was used to demultiplex GBS data, while Lima
2.5 (Lima, n.d.). was used for AmpSeq data. Since our orchardgrass populations were all
autotetraploids, with known multi-valent pairing in meiosis, up to four different alleles
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existed at each locus (two are inherited from each parent) representing five possible
genotypes. For example, a single plant could have the following possible genotypes at a
locus: AAAA, AAAT, AATT, ATTT, and TTTT. If T is the nucleotide that affects heading
date, AAAA would be termed “nulliplex,” AAAT “simplex,” AATT “duplex,” and so forth
for the heading date trait at that locus. Since there are three possible heterozygous
states, with different numbers of As and Ts in the example above, accounting for the
correct dosage was important for traits that caused additive allelic effects.
After demultiplexing, the sequence barcodes were no longer needed and were
therefore removed. Both software packages listed above for demultiplexing also
removed barcodes as part of their respective processes. The next step in the process
was variant calling, wherein all sequences were mapped to a reference sequence, and
locations where variation exists were identified by position. For GBS, the data again
utilized Tassel 3.2 to accomplish this by mapping the sequences against the reference
genome (Huang et al., 2020). For the AmpSeq data, BCFTools (Danecek et al., 2021) was
used to map each sequence read against the appropriate gene reference sequence and
identify variant loci. While each tool employed slightly different calculations due to the
type of sequencing data, they were similar in execution. Alignments were inputted, and
for each genomic position, a vertical slice of the reference and all the sequencing reads
for that position were considered. The likelihoods for each variant are calculated for
each genomic position along the reference genome where sequence reads met the
minimum threshold of 10 reads per sample. After determining the variant calls the data
were exported in a variant call file format (VCF).
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Using the polyRAD R package (Clark, 2022; Clark et al., 2019) the variant calls
from the AmpSeq data were converted into genotypes through a Bayesian genotype
estimation method. This method considered for each locus and sample read whether
the read was a success or failure, and matched a given allele with the probability of
success accounting for cross-contamination rate, ploidy, the allele copy number in the
genotype, and the allele frequency in the population. In the process implemented by
polyRAD, the appropriate probabilities require correct filtering for overdispersion,
genetic structure, and heterozygosity.
Overdispersion was a difference in the distribution of sequence read depth
between samples, and therefore samples with higher depth and higher resolution may
have masked alleles of those with lower read depth. The package used a beta-binomial
probability mass function to account for read depth, number of reads, and a state in
which a locus had x number of copies of a given allele (Clark et al., 2019). A constant of
overdispersion parameter based on empirical data was used to find the best fit.
Genetic structure modeling was necessary for the Bayesian method to calculate
reasonable genotypes from SNPs with low coverage. The polyRAD package used
principal component analysis (PCA) to calculate structure and included four eigenvalues
in the model. The PCA positioned samples onto a series of orthogonal axes, where each
was made up of linear combination of allelic or genotypic values across the single
nucleotide polymorphisms (SNPs). The axes were ordered so that the first component
explained the greatest amount variance in the data and the last component explained
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the least amount (McVean, 2009). The cumulative distance between the SNPs provided
information on the relation of samples.
Finally, heterozygosity also played a role in proper genotype estimation, as the
autotetraploid orchardgrass sampled could have SNP loci that were combinations of
multiple loci from different locations, but with similar sequences. Those loci would have
incorrectly collapsed to appear as single loci (Rosyara et al., 2016). By modeling the ratio
of heterozygosity of a SNP locus for an individual over its expected heterozygosity,
values above a threshold (0.8 in our study) were likely collapsed loci and were removed
prior to downstream analysis. Conversely, SNP loci with values below 0.40 were likely a
result of low-coverage sequencing (such that all polymorphisms would not be detected)
and were also removed. PolyRAD uses the novel 𝐻𝑖𝑛𝑑⁄𝐻 statistic to remove SNP loci
𝑒

with too much or too little heterozygosity.

Equation 1
Hind/He Statistic
𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑡ℎ𝑎𝑡 𝑡𝑤𝑜 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑟𝑒𝑎𝑑𝑠 𝑜𝑓 𝑎𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑤𝑜𝑢𝑙𝑑 𝑏𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑎𝑙𝑙𝑒𝑙𝑒𝑠
𝐻𝑖𝑛𝑑
⁄𝐻 =
𝑒
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ℎ𝑒𝑡𝑒𝑟𝑜𝑧𝑦𝑔𝑜𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑙𝑜𝑐𝑢𝑠

As mentioned above, both AmpSeq and GBS datasets eventually funneled into
GWASpoly for association analysis. The AmpSeq association analyses used a single
marker regression to test association of marker to phenotypic measurements of a trait.
To perform the associations, GWASpoly (Endelman & Rosyara, 2022) was used. The six
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amplicons were treated as ‘chromosomes’ by the software and concatenated together
into one dataset. Genetic structure for associations was determined using the GBS data
set rather than internally using the same AmpSeq data. Since the AmpSeq comprised
sequence from a few select genes, it did not give enough information to create an
accurate population structure nor were those AmpSeq SNPs selectively neutral. To
accurately assess genetic structure, GBS data were utilized and imported into the
GWASpoly program.
In GWASpoly, genetic structure was calculated based on a combination of K
means clustering, PCA, and then discriminant analysis. This method, called Discriminant
analysis of principal components (DAPC), had the benefit of highlighting between-group
differences while not carrying the limitations of hierarchical structure assumptions
(Jombart et al., 2010). Using the population structure determined from GBS data, five
models were tested for AmpSeq association: additive, 1-dom-alt, 1- dom-ref, 2-dom-alt,
and 2-dom-ref. The “ref” or “alt” refers to which genotype provided the effects, the
reference allele, or the alternate allele. The “1” and “2” referred to simplex or duplex
genotypes. GWASpoly suggested a genotype frequency parameter of (1 – 5/N) for
autotetraploids (Endelman & Rosyara, 2022). The program ran association at each
marker for each model between the phenotypic data and the genotypes as it searched
for significance. The program could use either permutation, Bonferroni, or the FDR
(False Discovery Rate) method for correction for multiple testing. The FDR method was
chosen as it is reasonably conservative yet less greedy than permutations for
computational resources.
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After all significant markers were identified, the program tested the significance
of the association using LOD (logarithm of the odds) threshold. The LOD score was equal
to the log10 of the probability that two loci were linked divided by the probability that
the two loci were unlinked (Xu, 2013)

Equation 2
LOD Score
𝐿𝑂𝐷 𝑆𝑐𝑜𝑟𝑒 = 𝑙𝑜𝑔10

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑡ℎ𝑎𝑡 𝑡𝑤𝑜 𝑙𝑜𝑐𝑖 𝑎𝑟𝑒 𝑙𝑖𝑛𝑘𝑒𝑑
𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑡ℎ𝑎𝑡 𝑡𝑤𝑜 𝑙𝑜𝑐𝑖 𝑎𝑟𝑒 𝑈𝑁𝑙𝑖𝑛𝑘𝑒𝑑

A LOD of three means the likelihood of having linkage between two specific markers
was 1,000 times greater than the likelihood of not having linkage between the markers.
According to Xu (2013), a LOD score of three or more serves as evidence of linkage
between two markers. However, for each trait in GWASpoly, the program calculated a
threshold LOD score specific to the trait and model. Based on the highest threshold of
the five models (additive, 1-dom-alt, 1- dom-ref, 2-dom-alt, 2- dom-ref) for a specific
trait, the software plotted Manhattan plots where markers were plotted on the “x” axis
and LOD thresholds on the “y” axis. The results were also exported in tables for each
trait. These tables listed all significant loci above each LOD threshold, which model was
used, and the marker effects. In a final analysis to reduce the number of significant loci
to the most robust ones, a combined fit model using a posterior estimation and P-value
(similar to posterior stepwise regression), was generated using only the previously
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identified significant loci. The results from the final models were exported and
presented below in the results section. One last notable decision during the analysis was
that in addition to population structure, GWASpoly created a dataset-specific
population kinship from built-in software. The addition or removal of this kinship matrix
had no effect on the thresholds, significance, or effects, so only the structure model was
used.

Recurrent Selection
Progeny Population Development and Field Design
The seed collected from the individual OP2 parents was germinated in a
greenhouse and transplanted into half-sib family trials at two locations. The first
location was the Utah State University Evans Farm, Millville, UT (41°41′52″ N,
111°49′53″W; 1378 m above sea level; 432 mm annual precipitation; Nibley silty clay
loam soil [fi, ne, mixed, mesic, Aquic Argiustolls]). This location was planted on May 15th,
2019 and utilized sprinkler irrigation for establishment and maintenance. The second
location was on the property of Westfork Farm in Bothwell, UT (41°43'7.81 "N,
112°15'50.69 "W;1311 m above sea level; 381 mm annual precipitation; Fielding silt
loam [Fine-silty, mixed, active, mesic Typic Calcixerolls]), planted May 16th, 2019. This
site was managed under a flood irrigation system.
Each location consisted of four replications of 94 genotypes (some of the original
108 plants died or did not seed set) in a randomized block design. Each plot consisted of
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10 transplants with Russian wildrye plants on each end to ensure identification, spacing
and to alleviate border effects. The plants within a row were half a meter apart, and the
rows were one meter apart. In the fall of 2019, 56 kg/ha of N was applied before
snowfall. The following spring (the first week of April), an additional 56 kg/ha of N was
applied. This fertilizer application practice was repeated for the following field season as
well.

Phenotypic Data Collection
The 2019 growing season was viewed as an establishment year for the fields. For
2020 and 2021, the heading dates (Julian days, where day 1 = January 1st) per plot
based on a visual of the first glume exposed from boot on at least 50% of plants in a plot
were recorded. This stage is equivalent of the Z50 phase of a plant using the Zadocks
decimal code for the growth stages of cereals grasses (Zadoks et al., 1974). We also
collected forage harvest data, including plot yield biomass (collected using a
Wintersteiger forage harvester) and a sub-sample to determine dry matter yield (DMY).
Two harvests per year occurred to track the bimodal growth of orchardgrass, one in
mid-June (after heading), one in late September. The sub-samples were immediately
weighted to obtain a wet weights (grams) then dried at 65C in a forced-air drier for one
week to ensure constant dry weights (grams). After drying, the samples were
reweighted to provide the dry weight. These two weights allowed the calculation of
DMY by dividing the sample dry weight by the wet weight and then times by the plot
biomass yield (kg/ 5 m2). A season's total DMY (kg/ 5 m2) was calculated by adding
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harvest DMY from harvest one and harvest two weights. To extrapolate to grower field
sizes, we adjusted the season's total DMY from a plot (kg/ 5 m2) of biomass harvested to
(kg/ha2).

Equation 3
Dry Matter Plot Yield (DMY)
𝐷𝑟𝑦 𝑀𝑎𝑡𝑡𝑒𝑟 𝑃𝑙𝑜𝑡 𝑌𝑖𝑒𝑙𝑑 (𝐷𝑀𝑌) = (

𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
) ∗ 𝑃𝑙𝑜𝑡 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑃𝑙𝑜𝑡 𝑌𝑖𝑒𝑙𝑑
𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

After each harvest, the field was top-dressed with 56 kg of N/ha, totaling 224
kg/ha of added N a year. Additionally, in 2021 individual plant growth habit and vigor
scores were recorded. Both scores were based on visual ratings. For plant growth habit,
type one represented a "procumbent" growth type, type two indicated the plant was a
more "rounded" type, type three was a "round-tall" growth habit, type four was a "tall"
plant, and type five consisted of “floppy” plants with erect leaves and stems until the
top third of the plant (Figure 6). Plant vigor scores ranged from 0 to 10. A score of zero
coincided with a dead plant, while the most vigorous plant in the field was given a score
of ten. All individuals were rated on the scale in comparison to the two extremes with
growth habits considered. These scores were important to consider because while a
given plant may be a procumbent growth type, it could still be more vigorous than a
poor growing tall type. To decrease bias or change of scale, the same person scored
both traits and both locations.
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Figure 6
Illustration of the Five Different Plant Growth Habit Types

Procumbent (1) Round (2)

Round & Tall (3) Tall (4)

Floppy (5)

Statistical Analysis
For each field trial, a normal distribution among the data was tested using
qqplotr command in the ggplot package in R (URL http://www.R-project.org/) (Almeida
et al., 2018). Then mixed models for the two traits of interest, heading date and biomass
yield, were created using the lme4 package (Bates et al., 2015) with entry fixed and
replication (blocks) random (Green & Tukey, 1960). Each field trial was analyzed using its
respective model, and predicted means were calculated. To determine which entries
were significantly different from each other for each trait, a Tukey Test was performed
using the predictmeans R package (Luo, 2020). Correlations between field trials for each
trait were considered in determining the model using the pair.panels function in the
psych package in R (Revelle, 2011).
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Ultimately, the data from the field trials were combined and the model was
adjusted to also include location and year as fixed effects. In addition, the replication
(block) was nested within year and location (both as random variables due to the
replication being random), and all two-way interactions (entry:location, entry:year,
location:year) as well as the three-way interaction of entry:year:location were tested.
Predicated means were also created for each trait using this model. Again, a Tukey Test,
using the predictmeans package (Luo, 2020) was used to test significant differences
between the entries for both heading date and biomass yield. Correlations between
traits using the combined data set were also estimated.
Using the “sommer” package in R, the narrow-sense heritability (h2) for both
heading date and total DMY yield were calculated. To achieve these, we first fit a
“mmer” model, with parameters as random, to generate the variance components.
Then the “vpredict” function was used to calculate narrow-sense heritability (h2),
defined as below (Covarrubias, 2021).

Equation 4
Narrow-Sense Heritability
𝑉
h2= 𝑎⁄𝑉
𝑝

Selection
The focus was on a selection cycle within the SRS breeding method. Figure 7 illustrates
that cyclic flow. Cycle 0 started with selecting the three founder parent populations or

44
cultivars (OP1). They were allowed to intermate in an open-pollinated crossing block
from which the seed was collected and bulked by the three maternal types. That seed
was grown out (OP2) for phenotyping. Any plant that survived and set seed served as
the parents for the next cycle, Cycle 1. Of the 108 OP2 plants, seed was collected from
94. The seed was separated by plant this time to allow the creation of half-sib families,
80 plants from each of the 94 entries. This progeny population was phenotyped for
heading date and DMY and evaluated for selection. As a general overview, the
phenotypic data, i.e., heading dates and DMY data, was used to determine which halfsibling families were the latest flowering and highest yielders. The individual plant habit
and vigor scores within each of those half-sib families were further used to confirm that
the best half-sibling families carried ideal growth habits.
Selection indices were created to identify which families were of interest, serving
as a selection ‘among’ the families. The traits needed to be standardized and weighted
accordingly toward our goal to create these indices. To standardize the scores for a
given trait, each plot mean was subtracted from the population mean and divided by
the standard deviation.

Equation 5
Standardized Score
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑧𝑒𝑑 𝑠𝑐𝑜𝑟𝑒 =

𝑋𝑖 − 𝑋̅
𝑆
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Figure 7
Illustration of the Recurrent Selection Flow for the OP2 Population

Selection of
Superior Parents

Progeny Evaluation

Intermating

Progeny Phenotyping

Note. Cycle 0 started with the selection of superior parents which are then allowed to
intermate. Phenotypic data is collected from their progeny and evaluated. The outcome
of that evaluation led to the selection of the next cycle’s superior parents. Select,
recombine, and repeat.

This calculation was applied for heading date, DMY harvest one, DMY harvest
two, Total DMY (harvest one and two combined), plant growth habit, and plant vigor.
After standardization, the traits were weighted for selection indices based on trait
importance in our breeding goals. Late flowering was of most importance for this study,
followed closely by DMY. Selection indices were subjective to the breeder and the
importance of a trait; such that there was no “only one way” to create them (Bernardo,
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2014). Therefore, five selection indices were created (Table 2) to consider how heavy of
weight should be placed on flowering time vs. DMY and whether DMY should be
represented as the year total or split into harvests one and two. Abbreviations were
given for the traits, H = heading date, Y = dry matter harvest one, Y2 = dry matter
harvest two, and TBY = total dry matter yield (harvest one and harvest two combined).
Index one had heading date weighted by three and DMY harvest one and two. Index
two also had heading date weighted by three but considered only the TBY. Selection
indices three and four were similar to those of one and two, except instead of weighting
flowering time by three, it was reduced to two. Finally, since the population was created
from three late-flowering founders, selection index five was created to consider the
yield component more than flowering time. Maternal parents were selected based upon

Table 2
Illustration of the Number and Formula for Each Selection Index
Selection Index Number

Selection Index Formula

1
2
3
4
5

3𝐻 + 𝑌 + 𝑌2
3𝐻 + 𝑇𝐵𝑌
2𝐻 + 𝑌 + 𝑌2
2𝐻 + 𝑇𝐵𝑌

H+ Y + Y2

H = heading date, Y = DMY harvest one, Y2 = DMY harvest two, TBY = Total season
DMY (Y and Y2 combined before Tukey test)
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the selection indices’ output of their half-sib progeny. These plants comprise the
parents for the next cycle of recurrent selection.
Another SRS breeding alternative was discussed in the introduction, which is a
derivation often used by commercial companies because those companies are often not
able to maintain the parent plants during progeny half-sibling evaluations. This
derivation is the ‘within’ selection of the ‘among and within’ method. As a secondary
result of my research, we also identified potential progeny plants within the best
performing half-sibling families that could also be used for future recurrent selection.
The individual plant growth habit and plant vigor scores were used to identify those
individual plants to move forward. Priority was given to plant growth habit scores in
order of type fours, then type fives, then type threes. Then plants with plant vigor
scores of six and above were prioritized. The top ten plants in each half-sib family were
selected.
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RESULTS

OP2 Parent Population
Phenotypic Summary
Table 3 summarizes the average and spread of the OP2 parent population’s
heading dates. In 2018 the first parent headed on day 151 with a mean heading date of
154.9. There was a spread of 15 days between our earliest and latest heading. In 2019
the earliest headed on day 162, 11 days later than the previous year, the mean heading
date was 169.95 and had a similar spread of 15 days between the earliest and latest
heading. The correlation between 2018 and 2019 was r= 0.50 (p> 0.05).

Table 3
Summary of the OP2 Parent Population Heading Dates (julian days) for the 2018 and
2019 Seasons
Year
Median
Mean
Minimum
Maximum
Range
Std. Dev.
CV

2018
152
154.90
151
166
15
4.89
3.15

2019
169
169.95
162
177
15
3.38
1.99
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Genotyping Analysis
Using the GBS data, a PCA was created through TASSEL 3.2 to illustrate the
population structure of the OP2 parent population. Six distinct groupings were found
that were consistent with the field setup (Figure 8). The blue groups (1, 3 and 5) were
maternal-like types, likely the results of sibling pollen flow. The red groups (2,4 and 6)
were heterogeneous types resulting from pollen flow between the three maternal
origins. Group one most aligns with UT-101 maternal-like types, group three, PI538922
maternal-like types, and group five, Toyomidori maternal-like types. Figure 9 illustrates
a relationship tree; the green text OP2 individuals were those whose half-sib progeny
means fell among the top 10% of the population for the latest heading date and highest
yield, while the gold text highlights OP2 plants whose progeny had the earliest heading
date and lowest yield. This relationship dendrogram shows that the population
segregated for heading date and yield across the entire population, not just one
grouping of closely related plants.
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Figure 8
Grouping of the OP2 Population Structure of the 108 Plants Using a Principal
Component Analysis.

Group 2

Group 1

Group 6

Group 3

Group 5

Group 4

Note. The blue groups (1,3 and 5) are maternal-like types while the red groups (2,4 and
6) are inter-population types.
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Figure 9
Relationship Tree of the OP2 Population

Note. The green text identifies those individuals fall among the top 10% of the
population for the latest heading and highest yield. At the same time, the gold
represents those individuals who had the earliest yield and lowest yield.
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Primer Development
The primers developed and used for amplification were successful; and the
amplicons fit within the expected gene sizes: DgFT (~1,300 bp), DgCO1 (~2,500 bp),
DgVrn2 (2,000 bp), DgVrn1b (~ 7,800 bp), DgVrn1a- intron 1 (~ 2,000 bp), and DgVrn1aexon 2-exon 8 (~4,600 bp). Each primer product was resolved on a 1.5% electrophoresis
gel and compared to a one kb ladder. The division of the DgVrn1a gene into the two
sections (minus part of intron 1) sampled all exons and part of intron1 from DgVrn1a.
DgVrn1a had a 31 kb intron 1 while DgVrn1b had an intron 1 less than 3 kb. Exon 2
through exon 7 in DgVrn1 were of similar size for both two gene family members, but
DgVrn1a had a longer intron 7 than DgVrn1b. Additionally, DgVrn1a coding sequence
ended with exon 8 while DgVrn1b ended with another exon 2 instead of exon 8 (Figure
5).

Dosage, Variant Detection, and Association Analysis
There were 210 variable polymorphisms with minor allele frequencies greater
than 5% across the six genes in the OP2 population that were usable for the association
analysis. The AmpSeq analysis resulted in no significant loci detected in the OP2
population’s 2018 heading date data. However, three significant loci were detected for
the OP2 parent population’s 2019 heading date data. Two of those significant SNPs
were in the intron of CO1 (position 1172 and 1581) and the third was located in the
intron 2 of DgVrn1b (position 4626). All three SNPs were barely over the LOD threshold
of 3.28 and had a two-to-three-day effect on heading. The CO1 marker at position 1172
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and the DgVrn1b marker were found under the additive model, while the remaining
CO1 marker, potion 1581, was found under the dominate- alternate model. Table 4
displays the model, marker, position, alleles, LODs, and effect of each of the three
significant markers. The greatest effect of 3.1 days was found in the 1-dom-alt model
with the DgCO1-1581 marker. The additive model markers, DgCO1-1172 and DgVrn1b4626 have an effect of 2.7 and 2.4, respectively.
Considering correct dosage levels, the genotypes show all three markers were
basically simplex, with majority of the genotypes either not having the allele or only a
single copy of the allele. Table 5 illustrates the genotypes for each of the three
significant markers as well as how many OP2 individuals in the population displayed the
genotype, and the mean, standard deviation, and standard error. Table 6 summarizes

Table 4
Display of the Model and Effects of Three Significant SNPs From Amplicon
Sequencing Using the 2019 OP2 Heading Dates

Model

Marker

Position

Ref Allele

Alt Allele

LOD * Score

Effect
(days)

additive

DgCO1

1172

C

T

3.54

2.7

1-dom-alt

DgCO1

1581

C

T

3.47

3.1

DgVrn1b

4626

T

C

3.41

2.4

additive

*The LOD threshold for significance was 3.28, and the effect for heading date is in
days.
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Table 5
Summary of Three Significant Marker Effects for the Trait Heading Date in the
OP2 Parent Population for the 2019 Year
Marker
CO1_1172

CO1_1581

DgVrn1b_4626

Genotype
CCCC
CCCT
CCTT
CTTT
TTTT
CCCC

n*
75
18
3
0
0
77

Mean
169.3
171.4
171.7
.
.
169.3

Stdev
3.4
3.2
4
.
.
3.34505

SE
0.388
0.750
2.333
.
.
0.381

CCCT
CCTT
CTTT
TTTT
CCCC
CCCT
CCTT
CTTT
TTTT

18
1
0
0
0
0
4
28
64

172
167
.
.
.
.
172.7
170.9
169.1

2.95804
.
.
.
.
.
5.1
3.3
3.2

0.697
.
.
.
.
.
2.566
0.617
0.406

* The number of individuals in the OP2 population that display the given
genotype.

the location, model, marker, position, alleles, LODs and effect of each of the significant
marker in the progeny population. All SNPs listed had an adjusted p-value ≤ 0.05. All
false discovery rate scores passed the threshold of significance for the specific model.
The effect, in days, ranged from a mere 0.47 to 3.37.
When regressing progeny half-sibling population means onto parental
genotypes, each trait and model carried its own threshold of significance. No significant
SNPs were identified for the Westfork 2020 environment. However, five significant SNPs
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Table 6
Display of the Model and Effects of the Significant SNPs From Amplicon Sequencing
Using the 2020 and 2021 Progeny Population Entry Means for Heading Date Overlaid
onto the OP2 Genotype Data
Location

Model

Marker

Position

Evans 2020

2-dom-ref
2-dom-ref
2-dom-ref
2-dom-ref
2-dom-ref
1-dom-alt
1-dom-alt
1-dom-alt
1-dom-alt
2-dom-ref
2-dom-ref
2-dom-ref
2-dom-ref
2-dom-ref
additive
2-dom-alt
2-dom-ref
2-dom-ref
2-dom-ref

DgCO
DgVrn1b
DgVrn1b
DgVrn1b
DgVrn1b
DgCO
DgCO
DgCO
DgVrn2
DgCO
DgCO
DgVrn1b
DgVrn1b
DgVrn1b
DgCO
DgVrn1b
DgFT
DgCO
DgCO

1869
1913
4546
4864
5062
583
645
2237
268
1008
1869
214
4606
4864
419
4725
789
197
1869

Evans 2021

Westfork 2021

Ref
Alt
Score*
Allele Allele
A
T
1.37
G
C
0.43
A
T
2.97
T
A
2.77
G
C
0.43
A
T
1.56
A
T
1.07
T
A
1.87
C
G
1.36
C
G
1.3
A
A
1.11
G
C
1.29
G
C
0.77
T
A
2.54
T
A
2.99
T
A
2.39
A
T
1.66
C
G
1.83
A
T
1.29

Effect
(days)
-1.11
-0.48
-3.37
-3.20
-0.47
0.94
0.78
0.92
-0.95
1.60
-0.75
-0.87
1.08
-2.33
0.82
0.89
-0.69
-0.92
-0.67

*All markers shown had FDR significance numbers above their respective model
thresholds.

were identified for the Evans 2020 locations, all under the 2-dom-ref model. Nine
significant SNPs were identified in the Evans 2021 environment, with half found under
the 2-dom-ref model the rest under the 1-dom-alt model. Five significant SNPs were
identified in the Westfork 2021 environment. Three of these SNPs where found under
the 2-dom-ref model, one under the 1-dom-alt model, and one under the additive
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model. Majority of these SNPs were in the DgCO and the DgVrn1b genes, but one
DgVrn2 SNP was identified in the Evans 2021 and one DgFT SNP was found in Westfork
2021. Most of the significant SNPs were found in the intron regions of DgCO1 and
DgVrn1b, similar to the general location of significant SNPs found from using the OP2
phenotypes.

Recurrent Selection
Progeny Phenotypic Summary
Table 7 illustrates the averages, spread, and coefficient of variance (CV) of the
data set for the phenotypic traits measured on plot basis, for each field trial and the
combined data set. There was a significant difference (P <0.001) in the heading date
between entries for both locations and years. There was a similar spread in heading
dates between locations for both 2020 and 2021, but a noticeable difference when
comparing the same location between years since the window for heading shrunk by at
least five days.
The Westfork location showed a significant difference in yield for both harvest
one and harvest two (P <0.01), for both years. There was an increased spread in yield
from 2020 to 2021, possibly reflecting the stand age and Westfork environmental
differences. Evans’ yield was not significantly different for 2020 for either harvest.
However, Evans’ 2021 yield had significant differences for harvest one and harvest two,
(P <0.001 and <0.05) respectively. The spread in yield for Evans decreased from 2020 to
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2021. As expected, the CVs were much smaller for the heading dates than any yield
data.
All traits showed a significant difference when looking at the combined data set.
Interactions between location and years were significant (P > 0.001), so the data were
analyzed separately as four environments. A weak negative correlation between
heading date and DMY was noted for each location. As expected, correlations between
DMY harvest one or two and the total DMY were strongly correlated, with harvest one’s
correlation slightly stronger than harvest two. Due to the higher yields observed in DMY
harvest one than two, DMY harvest one accounted for more of the total DMY than
harvest two. Calculating these correlations served as a data check to preview the data
structures. Interestingly, there was only a moderate correlation between DMY harvest
one and DMY harvest two. Figure 10 shows the correlation matrix when the data was
combined and illustrates the trends across all environments.
Table 8 summarizes the distribution of individual plant growth habit and vigor
scores. This data is presented as a combination of both fields as there was no
correlation or significant interaction between environment and plant growth habit or
vigor. Over half of the plants (4,577 plants) portrayed a procumbent (1) growth habit,
with the fewest plants (82 plants) exhibiting the highly desired floppy (5) growth habit.
The round (2) and tall (4) growth habits included similar numbers of individual plants;
1,474 and 1,123, respectively. The round-tall (3) growth habit comprised the remaining
264 individual plants. The plant growth vigor scores were normally distributed around
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the mean of five (3,331 plants) and with a few individuals ranking in both extremes, 0
and 10.
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Table 7
The Spread of the Progeny Data Set for the Phenotype Traits Measured on Plot Bases
Evans 2020
Phenotypic Trait

Median
Mean
Minimum
Maximum
Range
Std. Dev.
CV

Heading
Date***
(julian days)
152
152
141
159
18
2.7
1.78

Heading
Date***
(julian days)
Median
Mean
Minimum
Maximum
Range
Std. Dev.
CV

148
147
140
155
15
3.6
2.45

Heading
Date***
(julian days)
Median
Mean
Minimum
Maximum
Range
Std. Dev.
CV

158.0
158.2
153.0
164.0
11.0
2.3
1.45

DMY
DMY
DMY
Harvest 1
Harvest 2 . Total
2
(kg/5m )
(kg/5m2)
(kg/5m2)
2.093
0.5407
2.641
2.091
0.5786
2.67
1.005
0.076
1.303
3.829
1.5880
4.864
2.824
1.5123
3.561
0.4510
0.247
0.5698
21.57
42.69
21.34
Westfork 2020
Phenotypic Trait
DMY
DMY
DMY
Harvest
Harvest
Total*
1**
2***
(kg/5m2)
(kg/5m2)
(kg/5m2)
1.728
0.672
2.410
1.742
0.705
2.447
0.559
0.086
0.645
3.661
2.058
5.094
3.102
1.972
4.449
0.444
0.284
0.591
25.49
40.28
24.15
Evans 2021
Phenotypic Trait
DMY
DMY
DMY
Harvest
Harvest 2* Total***
1***
(kg/5m2)
(kg/5m2)
(kg/5m2)
1.230
0.416
1.656
1.249
0.442
1.691
0.393
0.051
2.284
1.169
2.848
1.891
1.169
2.797
0.366
0.211
0.448
29.30
47.74
26.49

DMY
Total
(tn/ha2)
5283
5339
2607
9727
7120
1,139.6024
21.34

DMY *
Total
(tn/ha2)
4,820
4,893
1,290
10,189
8,899
1,181
24.15

DMY ***
Total
(tn/ha2)
2,462
2,499
787
4,571
3,783
733
26.49
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Median
Mean
Minimum
Maximum
Range
Std. Dev.
CV

Heading
Date***
(julian days)
151.0
151.3
146.0
156.0
10.0
1.8
1.19

Median
Mean
Minimum
Maximum
Range
Std. Dev.
CV

Heading
Date***
(julian days)
152.0
152.2
140.0
164.0
24.0
4.7
3.09

Westfork 2021
Phenotypic Trait
DMY
DMY
Harvest
Harvest
1**
2***
2
(kg/5m )
(kg/5m2)
2.805
0.926
2.840
0.946
0.850
0.385
5.130
1.943
4.280
1.558
0.654
0.240
23.03
25.37
Combined Data
Phenotypic Trait
DMY
DMY
Harvest
Harvest
1***
2***
2
(kg/5m )
(kg/5m2)
1.896
0.640
1.982
0.668
0.393
5.130
2.058
4.737
2.058
0.757
0.309
38.19
46.26

Significance: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

DMY
Total*
(kg/5m2)
3.700
3.785
1.300
6.440
5.140
0.741
19.58

DMY *
Total
(tn/ha2)
7,403
7,570
2,593
12,873
10,280
1,483
19.58

DMY
Total***
(kg/5m2)
2.549
2.650
0.510
6.440
5.930
0.956
36.08

DMY ***
Total
(tn/ha2)
5,059
5,080
787
12,873
12,085
2,137
36.08
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Table 8
The Spread of the Dataset for the Phenotypic Traits Which Were Measured on
Individual Plant Bases
Type
(1)
(2)
(3)
(4)
(5)

Procumbent
Round
Round-Tall
Tall
Floppy

Plant Growth Habit
Individual
4577
1474
264
1123
82

Score
0
1
2
3
4
5
6
7
8
9
10

Plant Growth
Vigor
2
16
88
395
1625
3331
1564
420
70
8
1
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Figure 10
Display of the Correlation Matrix Using the Combined Dataset

Note. This matrix summarizes what trends were noted for each environment. A
negative correlation between heading date and yields was expected and observed.

Selection
Indices 1-4 were used to create population one and population two. Population
one included six of the half-sib families that were the latest flowering yet highest
yielding. Population two included the next six maternal parents/half-sib families that
were late flowering and high yielding. However, since these populations were all derived
from late flowering parents, even the earliest heading entries were relatively late
heading by commercial standards. The third population was selected based on a
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heavier weight to yield components than heading date and used selection index number
five. In this third selection, the top six ranked maternal parents/half-sib families were
included and were not already included in the other two populations.
For each of the five selection indices generated, the top twenty and bottom ten
entries were highlighted (Table 9). Comparing each index side by side led to an easy
identification of which half-sib families to consider for further breeding, as the highest
performing entries were similarly ranked between indices indifferent to the weighted
two or three-fold heading dates. When comparing the ranking of entries when the
harvests were kept separate to the ranking of entries using the total combined harvest,
there were slight differences. This could be because of the unequal weight (greater
weight) of harvest one in the total combined harvest. When the harvests were kept
separate so that harvest two was equally weighted, harvest two gave some insight into
the plant's ability for regrowth after a cutting event, but it was unclear if the difference
was strong enough to affect the index. Table 10 summarizes promising populations,
including the entry number, the founder type (UT-101, Toyomidori, or PI538922), the
OP2 maternal parent, and entries’ PCA-based genetic grouping. For progeny selection
using the predominant commercial method, the individual plant growth habit and vigor
scores can be used to identify the best plants within each half-sib family.
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Table 9
The Ranking of Entries in Each Selection Index
Selection Index
Entry

3H+Y+Y2

3H+ TBY

2H+Y+Y2

2H+TBY

H+Y+Y2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

-1.038
0.603
-2.506
1.846
4.222***
-1.143
1.880
-3.007
-0.811
2.477**
-2.675
1.361
2.202
3.218**
-0.376
-1.952
1.537
1.098
2.497
4.08***
3.235**
-2.550
1.674
0.258
6.016***
1.548
-6.437 δ
-1.924
4.51***
0.257
0.129
-0.484
0.567
1.382
1.264

-0.528
1.778
-1.864
1.818
5.167***
0.851
1.221
-1.759
-1.810
2.943**
-2.000
0.673
0.724
4.195***
-0.662
-2.216
0.960
1.352
2.111
3.409**
3.436**
-3.406 δ
1.185
0.601
5.702***
-0.075
-5.822 δ
-1.616
5.683***
1.604
0.018
-0.407
2.318**
1.627
2.427

-1.073
-0.687
-2.020
1.001
3.411***
-1.300
1.606
-2.919 δ
-0.478
2.009
-1.914
1.082
2.228**
3.004**
-0.104
-0.976
1.595
0.539
1.530
3.417***
1.669
-1.390
1.732**
0.499
4.48***
1.942**
-4.879 δ
-1.132
3.762***
0.253
0.063
-0.151
-0.295
0.704
0.708

-0.562
0.487
-1.378
1.036
3.355***
0.694
0.947
-1.671
-1.477
1.772**
-1.238
0.393
0.750
2.752***
-0.390
-1.240
1.017
0.793
1.243
1.747**
2.369***
-2.246
1.242
0.843
4.167***
0.319
-4.264 δ
-0.824
3.933***
1.600**
-0.047
-0.074
1.456
0.949
1.871

1.723
-0.967
1.337
3.061
4.127**
3.076**
3.636**
-2.894
-1.466
2.645
3.280**
0.662
3.705**
3.88**
0.001
2.128
3.193**
0.006
0.443
0.231
-0.774
2.151
5.664***
3.922**
3.791**
4.158***
-2.988
-0.613
0.852
1.721
0.467
2.391
-0.441
0.503
2.576
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Entry
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

3H+Y+Y2
-0.559
1.657
-1.489
-2.107
-1.116
0.948
1.690
-1.699
-0.437
0.503
5.073***
2.439**
0.631
-1.780
-5.122 δ
3.167**
2.941**
2.556**
5.632***
4.83***
3.124**
2.749**
1.844
-0.699
0.806
-0.086
-5.450 δ
-2.036
4.488***
0.649
-2.549
-1.376
-0.679
2.227
0.332
-0.894
0.319
1.488
-2.783
-4.778 δ
-2.965
-1.430

3H+ TBY
-0.564
0.216
-2.376
-2.038
0.167
0.996
-0.651
-0.281
-0.762
0.318
3.931***
1.129
0.314
-3.651
-4.345 δ
2.301**
3.705***
3.05**
3.515***
5.2***
1.361
3.109**
1.846
0.204
-0.305
0.141
-5.717 δ
-0.424
4.562***
2.065
-2.437
0.440
-0.676
1.509
-0.624
-1.284
1.079
2.701**
-3.060
-5.715 δ
-3.723 δ
0.151

2H+Y+Y2
-0.900
1.622
-0.420
-1.559
-0.661
0.301
2.329**
-1.213
0.141
-0.175
4.089***
2.465**
0.413
-0.528
-3.748 δ
2.765
2.102**
2.088
4.093***
3.049***
2.476**
2.153**
0.860
-0.605
1.676
-0.427
-3.708 δ
-2.040
3.137***
0.185
-1.849
-1.349
-1.081
1.702
0.297
-0.959
-0.690
0.008
-1.531
-3.158 δ
-1.468
-1.924

2H+TBY
-0.905
0.182
-1.308
-1.491
0.622
0.348
-0.012
0.205
-0.184
-0.360
2.947***
1.155
0.096
-2.399
-2.971 δ
1.898**
2.863***
2.882***
2.737**
2.236***
0.714
2.125**
0.862
0.298
0.565
-0.200
-3.975 δ
-0.428
3.21***
1.701**
-1.736
0.467
-1.079
0.984
-0.659
-1.349
0.070
1.204
-1.809
-4.095 δ
-2.226
-0.343

H+Y+Y2
-3.551δ
1.332
0.393
0.585
0.900
0.423
4.396***
0.983
-0.420
-0.964
4.222***
1.379
-2.758
0.123
-0.033
4.241***
-1.342
-0.754
-0.338
3.089**
-0.062
-0.780
-4.852 δ
1.319
5.581***
-1.141
-0.008
0.701
1.212
2.207
-1.906
-0.139
-6.817 δ
-2.455
-1.870
-3.027
-6.731 δ
4.941***
-1.055
-1.950
-3.984
-4.652
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Entry
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

3H+Y+Y2
3.252**
-7.551 δ
-5.972 δ
-4.452 δ
-6.592 δ
-1.967
-3.141 δ
-6.341 δ
-1.751
-2.452
0.338
4.969***
-2.633
1.659
-1.619
4.058***
-1.330

3H+ TBY
2.236**
-7.476 δ
-6.799 δ
-2.455
-5.857 δ
-1.985
-1.970
-4.662 δ
-1.541
-3.007
0.818
3.481**
-0.996
1.746
-1.785
5.053***
-1.220

2H+Y+Y2
3.003**
-4.614 δ
-3.740 δ
-3.537 δ
-4.391 δ
-1.543
-2.563
-4.874 δ
-1.632
-1.874
0.059
2.537***
-2.130
0.828
-1.287
3.962***
-0.445

2H+TBY
1.787**
-4.539 δ
-4.567 δ
-2.540 δ
-3.656 δ
-1.560
-1.392
-3.196 δ
-1.422
-2.429 δ
0.538
1.649**
-0.493
0.915
-1.452
2.046**
-0.336

H+Y+Y2
6.104***
-1.772
-0.176
-1.977
-3.750
-2.475
-4.873 δ
-4.824 δ
-3.256
-4.133 δ
-3.062
4.073***
-3.081
-4.344 δ
-5.311 δ
4.112***
-4.003 δ

*** Top 10 ranked entries in the index, ** 10-20th ranked entries in the index,
δ Bottom

10 ranked entries in the index

Table 10
Summary of the 18 Possible OP2 Plants for Further Breeding Based on the Selection Indices
Late Heading, High Yield

Late Heading, High Yield

Mid-Heading, High Yield

OP2
Founder Maternal PCA
Entry
Type
Parent Group

OP2
Founder Maternal PCA
Entry
Type
Parent Group

OP2
Founder Maternal PCA
Entry
Type
Parent Group

5

922

2_1

5

14

922

4_2

4

23

922

6_6

6

25

922

7_11

4

20

922

5_7

3

42

Toyo

4_6

2

29

922

8_10

4

52

Toyo

7_3

5

51

Toyo

7_12

5

46

Toyo

5_5

4

54

Toyo

7_9

5

60

Toyo

9_4

6

55

Toyo

8_11

5

89

UT-101

8_6

2

73

UT-101

4_1

2

64

UT-101

1_4

6

93

UT-101

9_5

6

78

UT-101

5_6

6
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DISCUSSION

Phenotypic Data
As this breeding effort began with three very-late heading germplasm sources,
the extent and relationship of heading date variation was unclear. Interestingly,
significant differences were detected, and were likely due to segregation among the
inter-population hybrids. Environments also played a role in heading date variation in
this study. Compared to 2018, the overall later heading dates observed in the OP2
parent population in 2019 could be attributed to a change in the environment, as 2019
was colder and underwent more precipitation events throughout the spring. The change
in environment did not explain the relatively low (r = 0.50; P < 0.01) correlation between
the 2018 and 2019 heading dates of our OP2 population. However, that relatively low
correlation could be ascribed to several parent plants that were progressively weaker
over the study. Those parents had relatively early heading dates in 2018 but struggled to
survive and produce tillers for inflorescences in 2019 and were thus recorded as verylate (and weakly) heading. In general, the significant heading date differences not only
allowed us to identify and avoid weak parents in downstream selection, but also
provided different significant markers when an association analysis was conducted
between OP2 heading dates and DNA markers.
Significant differences in the interactions between environments for progeny
half-sib family means also supported separation of the progeny locations for phenotypic
and association analyses. Referring to table 7 for phenotypic data summary, the median
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heading dates for Evans were 152 and 158 in 2020 and 2021 respectively. The median
heading dates for Westfork were 148 and 151 in 2020 and 2021 respectively. In 2020
heading date ranged over 18 days at Evans and 15 days at Westfork. In 2021 heading
date ranged over 11 days at Evans and 10 days at Westfork. In The two locations used in
this study were climatically different during the years of this study; Cache Valley, which
housed the Evan’s trial, was cooler, received more precipitation, and was approximately
12 days later in heading than the Westfork location in its growing season. Furthermore,
the 2021 growing seasons for both locations were cooler than the 40-year averages in
the spring months, culminating in generally later heading, but also a tighter range in
heading dates for that year. Overall, the 2021 summer was hotter and drier than that of
2020. We provided plants with ample water in all environments until the end of the
2021 field season for the Evan’s location. During August 2021, a lack of irrigation water
at the Evans location resulted in harvesting the second harvest three weeks earlier than
the Westfork environment. This resulted in a decrease in yield for harvest two for that
location. Due to these climate differences and the significant location x genotype effects
in the analysis, the heading dates and biomass analyses were analyzed separately by
environment.
A combined analysis of progeny half-sib data across all environments was initially
necessary in order to characterize trends. The median heading date across all
environments was 152 days, with a range of 24 days. The median total DMY was 2.55
kg/5m2 with a range of 5.93 kg/5m2. The negative correlation between heading date and
DMY was as expected and supported throughout the literature for forage grasses and
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small grains (Balde et al., 1993; Casler, 1999; Cuesta-Marcos et al., 2009; Van Santen &
Sleper, 1996; Zhang et al., 2019). The moderate correlation between DMY harvest one
and two (r = 0.53, P < 0.05) could possibly be attributed to a combination of events. One
possibility one could be the delayed DMY harvest one as it was taken after all plants had
flowered. Because of that delay, the maturity of the earlier heading plants lost quality
and were less leafy as time elapsed waiting for the latest plants to flower. Another
possibility was that DMY harvest two gave insight into regrowth ability after cutting. For
instance, if some of the lowest DMY harvest two plots had some of the largest DMY for
harvest one, those plots may not have ideal regrowth ability. Productive regrowth after
harvesting is an essential aspect of a forage orchardgrass variety.
Large Coefficients of Variation, known as CVs, [𝐶𝑉 =
(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛⁄𝑚𝑒𝑎𝑛) ∗ 100], were found in the progeny half-sib family yield
data. These large CVs were partly due to the large genetic yield variance of genotypes,
but were also be an artifact of the high number of procumbent growth habits in these
half-sib families. The harvester had a set height of four inches, so if a plant had a
procumbent growth habit the harvester was not able to pick up the same amount of
biomass from the plant as it could from taller growth habits (Figure 11).
This study's narrow-sense heritability of h2 = 0.91 for heading date and h2 = 0.50
for DMY, and the correlation trends between heading date and yield, were similar to
other forage heritability values previously reported (Araghi et al., 2014; de Araujo &
Coulman, 2002; Fejer, n.d.; Majidi et al., 2015). A study by Araghi et al. (2014) on the
application of half-sib mating for genetic analysis of forage yield and related traits in
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Figure 11
Illustration of how a plant growth habit can impact the biomass harvested

Harvest Height

Procumbent (1) Round (2)

Round & Tall (3) Tall (4) Floppy (5)

Note. The red line represents the height of a harvest header. Low, wide-growing
procumbent plants (1) will have more biomass left behind than tall (4) or floppy types
(5).

smooth brome (Bromus inermis Leyss.) suggests the moderate to high narrow-sense
heritability estimated for most of their traits of interest (including flowering time and
DMY) were “mainly under additive genetic control and recurrent selection would be
effective.” Their work supports the use of our breeding and selection schemes in this
study to select for a late heading orchardgrass that still yields competitively for
producers.
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Marker Identification
While we were not able to detect many significant SNPs from the OP2 parent
population’s heading data, the lack of SNPs was not surprising; as all three of our
parents were very-late in heading and were products of a single meiosis event. Thus,
there was a paucity of variation in heading date (Bushman et al., 2012; Jensen et al.,
2014) and therefore fewer significant SNPs detected, and with smaller effects (review
Table 4). As association analysis that was conducted with progeny half-sib family means
regressed on the OP2 parent genotypes found greater variation recorded in those
progeny from the second meiotic event, and detected a greater number of SNPs that
had larger effects (Table 6).
The power of detection for the association analyses is dependent upon the
number of samples along with their variation. One of the goals of this study was to
genotype the smaller parent population rather than the larger progeny half-sib families,
in order to detect alleles but reduce the genotyping costs. A side-effect of that goal was
a reduced power to detect significant markers, especially rare alleles. Regardless,
significant SNPs were detected. While there were no DgFT SNPs in the OP2 analysis, this
was no surprise as the FT gene in many species seems to be highly conserved (Bouché et
al., 2017; Distelfeld et al., 2009; Huang et al., 2020; Zhao et al., 2017) and no significant
SNPs were detected previously in Zhao et al. (2017). The three significant SNPs that
were detected were in intron regions of DgCO1 and DgVrn1b. The location of the SNPs
in the intron of DgCO1, while not predicted to cause non-synonymous mutations in the
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protein of that gene, did correspond to the strongest associated heading date marker
from a study reported by Zhao et al., (2017) and supports its potential to be used as a
selection marker for breeders. All three SNPs were basically simplex markers, with just
one allele present (two in a few cases).The robust ability to detect simplex markers
compared to the other doses is consistent with earlier findings from autopolyploid
association analyses (Rosyara et al., 2016), especially in relatively small sample sizes.
Interestingly, two of the three SNPs were found under the additive model. For
plant breeders, these two additive markers, DgCO1-1172 and DgVrn1b-4626, could be
useful in selecting later heading materials; even among relatively late heading
germplasm like that used in this study. They both exhibited an approximately 2.5-day
effect and showed simplex genotypes, highlighting that selection for genotypes
exhibiting a higher dosage of the ‘late’ alleles may result in increased effects.
Additionally, identifying the ‘late’ alleles in 6 of the 18 highest yielding OP2 parent
plants (Table 10) allowed us to use those significant loci with subtle effects to future
reduce the number of OP2 plants for further breeding. In summary, this project initiated
the process to enrich for alleles at these loci as recurrent selection proceeds, with the
goal to homogenize late-heading.
While sequencing prices have lowered, it is still expensive to genotype breeding
cycles of selection when working with large populations. Out-crossing forage grass
progeny populations consist of half-sibs rather than not genetically homogeneous;
therefore, each plant (7,520), would ideally need to be sequenced. Due to the resource
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limitations of this study (indeed nearly all forage breeding efforts), it was not feasible to
perform sequencing on all plants in each progeny population. Instead, for this study, the
parent plants were genotyped while the progeny plot means for each entry (determined
by tracking the maternal parent) were overlaid onto those OP2 parent genotypes for
association analysis. Interestingly, when parental genotypes were regressed on progeny
mean phenotypes, substantially more significantly associated loci were detected. This is
likely due to increased variation detected in the progeny from the third intercrossing.
The major loci detected in this progeny mean association onto OP2 genotypes,
substantiated the genes and loci detected in the OP2 parent association, and provided
further confidence in the markers identified.
Until recently, accurate dosage analysis and linkage for autotetraploids was not
possible. The use of some recently released tools, such as polyRAD and GWASpoly,
allowed a more accurate analysis for autotetraploids like orchardgrass. These novel and
advanced tools allowed us to correctly and accurately account for gene dosage and
population structure. Without these recent tools, the effect of the ‘late’ alleles within
the simplex markers would be underestimated and perhaps overlooked. While it is
outside of this project's scope, there is now a possibility to continue genotyping progeny
of possibly DMY and heading date interest for further investigation into the dosages and
effects of these SNPs. In the spring of 2020, I collected tissue from each plant in both
locations (7,520 plants) for just such an effort. These samples were immediately frozen
and then lyophilized to preserve quality for future exploration. The individual plant
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growth habits and vigor scores could be used as phenotypes for yield; however, no
individual plant heading date phenotypes were recorded.

Recurrent Selection
We noticed differences in the ranking of entries when comparing selection
indices that included harvest one and two yields as separate events versus total
combined yield. Combining the two harvests before standardizing resulted in harvest
one, which had higher yields, to be weighted more heavily than harvest two. By
standardizing each harvest separately both harvests were weighted equally. A few
entries, such as entry 14 and 21, were in our top ten when looking at a combined yield
but dropped to 11-20 when considering the harvests separately. We observed the
inverse as well with entries 10 and 20 rising to the top ten only when considering the
harvests separately. The decision to consider selection indices with the harvests
separated was based on two assumptions. First, because harvest one occurred after all
plants had reached their flowering stage, the between-entry differences were slightly
attenuated as the earlier heading entries had surpassed optimal harvest stage. Second,
the second harvest provided unique insight into the plants’ ability for regrowth after a
cutting event. Ultimately, the decision did not impact the selection of entries within
each population. The top twelve populations very clearly rose to the top in each
selection index. Had we selected more entries, the difference in the way the harvests
were weighted in selection indices would have affected the results.
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Forage grass breeding has utilized recurrent selection as a successful breeding
tool for decades (Araghi et al., 2014; Conaghan & Casler, 2011; Jensen et al., 2017; Ravel
& Charmet, 1996). The traditional breeding practice has been to test the progeny and
then return to the parents to select the next round of superior parents based on the
progeny’s performance, which requires resources that most breeding sites cannot
support. For this study, however, returning to parent plants was possible. A combination
of the ranked progeny phenotypic means via the selection indices, and the outcome of
the parent association analysis led to the selection of six OP2 plants that are serving as
parents for a new synthetic population. On the other hand, commercial breeding often
focuses on selecting progeny plants to move forward rather than returning to parental
plants. The commercial method generally occurs because the parent populations are no
longer extant after two or three years of progeny evaluations. This study took the
traditional approach to move germplasm towards cultivar development while
maintaining the ability to continue with the commercial approach as well as other future
research studies. The collection and crossing of the six OP2 parent plants will allow
future studies for selection gain potential of flowering date and testing of the three
identified markers. The progeny of those OP2 parents, which were identified as half-sib
families of interest, can also serve as the stock for cultivar selection for other
populations.
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CONCLUSION

As a breeder, the question “Did I make the right selection?” seems to repeat
within one’s mind. This study conducted a cycle of selection in orchardgrass and
incorporated candidate gene molecular markers to address that question. By identifying
three potential breeders’ markers to aid in selection for late flowering time in the
autotetraploid orchardgrass, which markers support previous studies, we have added a
new tool to expedite recurrent selection. While some highly conserved genes were not
useful in creating genetic markers, other genes such as DgCO1 or DgVrn1b showed
potential. The DgCO1-1172, DgCO1-1581, and DgVrn1b-4626 SNPs identified here may
be useful in the future as a marker-assisted selection tool to aid breeders in selection for
later flowering time. The DgCO1-1172 and DgVrn1b-4626 SNPs are of most interest as
they appear to be additive.
Six of the OP2 individuals carried the ‘late’ allele under a simplex genotype.
These six, were prioritized to serve as the parents of the next recurrent cycle for further
research purposes based on late-flowering time and high yield. Further use of the
molecular markers in the next generations of recurrent selection will be useful to
increase the allele frequency of those markers. Progeny plants from other OP2 plants
were also identified for incorporation of the commercial selection method and can also
be used for future cultivar development.
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